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I. INTRODUCTION

Since 1972, Applied Research Laboratories, The University of Texas

at Austin (ARL:UT), has been heavily involved in research and

development in low frequency ocean acoustics for the U.S. Navy. Most

of this work has been exploratory and advanced development. It has

included development of numerical modeling for both research and

applications; i.e., planning, collection, and analysis of planned and

existing acoustic systems. One aspect of this ARL:UT effort is that it

exposes questions which are appropriate to basic research, and for which

answers will find ready applications.

Part of the overall propagation studies at ARL:UT is a basic

research program funded by Office of Naval Research (Code 425) devoted to

measurement and modeling of acoustical properties of ocean sediments.

The research program originated as an effort to measure acoustical

parameters of sediments in situ during coring operations. An instrument

called a profilometer, described in many of the references contained in

Appendix B, was developed to measure compressional wave velocity, shear

wave velocity, and impedance profiles. Use of the profilometer requires

only minor changes to the cutter head of a geophysical corer; it has

been used on several cruises.

During the development of the profilometer, it was necessary to

improve the sensitivity and size of acoustic transducers. In
particular, this work provided a significant improvement in shear wave

transducer sensitivity; a patent was issued for this design. These

transducer improvements proved to be just as useful for basic laboratory

measurements as for field work. Thus, part of this program began to

include laboratory work with carefully controlled sediments, and

theoretical analytical work as part of the interpretation of those

measurements.
1



During 1981, the program began to discontinue development of the in

situ profilometer and to concentrate on theoretical analysis and labora-

tory measurements. To bolster the theoretical effort, faculty and

students of the Department of Aerospace Engineering and Engineering

Mechanics of The University of Texas at Austin, who specialize in the

study of mechanical properties of composite materials, are participating

in this program on a regular basis.

During 1980, laboratory measurements were begun on artificial

(glass bead) sediments with different mixtures of glycerol and water as

a pore fluid. During 1981, these results were analyzed and prepared for

publication (Appendix A of this report contains a preprint of this pub-

lication). Then, to clarify some points which arose during that

analysis, measurement techniques were modified and the experiment was

repeated. Those results are included in Section III of this report.

A bibliography of publications under the sediment acoustics program

is included as Appendix B. Since the program was started, 15 technical

reports have been published, 14 papers have been presented at technical

meetings, eight papers have been published in or presented to scientific

journals, three papers have been included in books, and two invention

disclosures have been submitted for patent. Of these, in 1981 one tech-

nical report was issued, one publication submitted, and one technical

presentation given.

2
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II. SEDIMENT ACOUSTICS ISSUES IN LOW FREQUENCY

SOUND PROPAGATION IN THE OCEAN

A. Low Frequency Propagation and the Seabottom

As mentioned in the introduction, ARL:UT is involved in several

areas of low frequency ocean acoustics. This exposure has pointed out

several issues which we feel will be supported at a basic level by the

research under this program. In this section, we first briefly identify

some of these problems. Then we discuss some of the issues related to

theoretical analysis of the acoustical properties of sediments.

Studies of low frequency (25-1000 Hz) ocean acoustics are usually

divided between deep ocean regions (depths of 2000 m or more) and

shallow water regions (depths of 2000 m and less). Usually, depths of

500-2000 m are continental slopes and are thus localized; for that

reason, 500 m is a practical maximum depth for shallow water. A general

study I of the bottom acoustics issues for exploratory development work

has recently been prepared by Naval Ocean Research and Development

Activity (NORDA) Code 530; it goes into some detail about acoustical

mechanisms and their relationship to Navy acoustical systems.

For deep water propagation, the quantity of most interest is the

loss of energy per bottom interaction, i.e., per refraction in, or

reflection from, the bottom. That quantity has in the past been

characterized as "bottom loss." However, the more sophisticated current

applications model the bottom as part of the propagation medium, and

thus require an understanding of bottom acoustics. Deep ocean

sediments, with small grain sizes and soft compositions, are readily

penetrated by sound. Examining typical velocity gradient and

attenuation values, one can deduce that the properties of sediments at

200-500 m depth are important at 50 Hz. At 200 Hz, depths greater than

3



100 m are usually not important since sound penetrating more deeply will

be very strongly attenuated. Routine coring to these depths cannot be

done, so acoustical (or seismological) probes are an essential part of

sediment measurements.

There are two general deep water acoustic propagation issues for

this program. First, the physical mechanism of sound attenuation in

sediments needs to be. established by laboratory measurements and

analytical work. This effort will strengthen present capabilities to

interpret and extrapolate acoustical measurements made at sea, in both

region and frequency. A second and distinct issue is the presence of

gas hydrates in marine sediments. The survey paper by Daniels and

Vidmar2 reviews what is known about these formations, which apparently

are common in the ocean, with particular attention to their acoustical

implications.

In shallow water, acoustic bottom interaction is a more dominant

factor than it is in deep water. That is due to the fact that except in

isothermal water such as in the Arctic, shallow water sound repeatedly

interacts with the bottom. However, the depth scales of interest have
3changed relative to deep water. The work of Mitchell and Focke, for

example, shows that in shallow water the bottom properties are important

at 50 Hz to 50 m of sediment, while only a few meters are important at

several hundred hertz. Thus, the sediment properties important to low

frequency acoustic propagation may potentially be directly determined by

coring.

As with the deep water case, an important shallow water acoustic

propagation issue is the interpretation and extrapolation of bottom

acoustical measurements. In addition, shallow water is more likely to

contain coarsely grained sand for which some predictions of the Biot-

Stoll theory can be consequential. Thus, extension of that theory to

real (variable grain size, shape, and composition) is important.

4



B. Comments on the Status of Theoretical Modeling of Acoustic Waves
in Saturated Sediments

An important part of the analysis of acoustic waves in the ocean is

the prediction of wave interactions with the bottom. This is a most

complex problem, not only because of the irregular topography and *he

inhomogeneity of the ocean bottom, but because the material comprising

the bottom is a fluid saturated porous material having very complicated

mechanical characteristics.

In this section, a summary is given of the theoretical models which

have been developed for the analysis of wave propagation in saturated

sediments. First, theories for wave propagation in the unbounded medium

are considered. The single component approach is treated briefly,

followed by a more extensive discussion of the mixture theory, due to

Biot. Next, some recent progress on the reflection and refraction of

waves at a plane interface between the water and a water saturated

sediment is described.

The simplest approach to analyzing waves in saturated sediments is

to model the saturated sediment as a single continuous medium. The

mechanical properties of a continuous medium are chosen so that its

behavior is equivalent, in a necessarily limited sense, to that of the

saturated sediment. Since waves in saturated sediments in general

exhibit dispersion and attenuation, the equivalent continuous medium

must be viscoelastic.

Models of this type have been discussed by Hamilton. 4 8  He

suggests the use of the particularly simple linearly viscoelastic model

in which the Lame constants X and p of an isotropic, linearly elastic

material are replaced by complex moduli X+iW', g+iR'. The moduli X, V'

M, and ' are assumed to be frequency dependent and are to be determined

from experiment. This type of model is equivalent to a Voigt material. 9

Hamilton cites developments of the model by Ferry
10 and White. 11

5
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Such a purely empirical approach has substantial advantages and

disadvantages. The primary advantage is its simplicity. Once the coef-

ficients in te theory have been evaluated as functions of frequency,

then the large body of literature and many existing computer programs on

wave propagation in viscoelastic materials can be used to obtain

solutions to specific problems. On the other hand, since the model does

not explicitly incorporate the physical properties of the saturated

sediment, the coefficients in the theory must be measured anew for each

change in the properties of the material. More importantly, the theory

does not have the ability to predict the effects on wave propagation of

changes in the material properties.

In order to introduce the physical properties of the saturated

sediment, the material can be modeled as a binary mixture of fluid and

solid constituents. By retaining the individual identities of the fluid

and solid, it is possible to express at least part of the coefficients

in terms of the physical properties of the two constituents.

A theory of this type was developed for application to fluid
12-15

saturated, porous elastic media by Biot. While he derived his

equations on a somewhat intuitive basis, many subsequent studies have

confirmed that they are consistent with the principles of continuum

mechanics (see, for example, Bowen,
16 and Bedford and Drumheller

17 ).

Biot's equations can be written

(l s d u(s)m 1, -mLL;(s)m- U fm]

+ A e(s)kk,m + 2 b e(s)mkk + Q e(f)kkm - b[C(s)m- (f)m] . (1)

0)fU~m m[(s)m-U(f)m]

fR (fEOsm-( ] 2

+ Q e(s)kkm +Re(v)kk,m + b[1(SKm0 (f)m] (2)
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where b is the porosity, p s and pf are the mass densities of the solid

and fluid, U(s)m and u(f)m are the displacement vectors of the solid and

fluid, the notation ,m denotes partial differentiation with respect to

the coordinate Xm, e(s)mk , and e(f)mk are the linear strains of the

solid and fluid e(s)mk=1/2[u(s)mk+u(s)k, m] I and A, kb' Q, r, c, and b

are constitutive coefficients.

Equations (1) and (2) are the equations of motion for the solid and

fluid constituents, respectively. The first term on the right of each

equation is a virtual mass term which is linear in the relative

acceleration of the constituents. The last term on the right is a drag

term which is linear in the relative velocity of the constituents. By

using the solution for an oscillating cylinder containing a viscous

fluid, Biot was able to evaluate the coefficient of the drag term b as a
4 function of frequency.13

Wli18
In a further important development, Biot and Willis showed that

the coefficients A, Q, and R could be expressed in terms of the bulk

modulus of the solid material, the bulk modulus of the fluid, and the

bulk and shear moduli of the drained porous solid Kb and b"

The Biot theory was first applied to marine sediments by Stoll and

Bryan 19 and Stoll. 20-22  In order to account for dissipative effects

associated with motion of the granular matrix material, these authors

assumed that the moduli Kb and Mb were viscoelastic. Based upon

experimental data on dry granular media, it was assumed that Kb and Mb

were complex constants. It was shown by Stoll that the theory could

correctly predict the variation with frequency of the attenuation of

compressional waves in saturated sands. 20

The work of Stoll and Bryan was extended by Hovem and Ingram,23 who

showed that Biot's technique for evaluating the drag coefficient b could

be used to evaluate the virtual mass coefficient c as well. They were

also able to obtain a more explicit expression for b in the case of a

sediment consisting of particles of uniform size. They then presented

7



very favorable comparisons of the theory with measurements of

compressional wave attenuation in saturated sands. In addition, they

presented new experimental data on compressional waves in a model

sediment consisting of spherical glass beads saturated by water and

showed that the theory correctly predicted both the attenuation and

phase velocity of compressional waves.

Thus, the extended Biot theory has been shown to give quite

accurate predictions in comparisons with direct measurements of both

phase velocity and attenuation in saturated sediments.

Sto11 20 has used the' Biot theory to show that the dominant loss

mechanism at high frequencies is the drag between the solid and fluid

constituents, while the dominant mechanism at low frequencies is

dissipation in the viscoelastic granular matrix.

Because the scale of measurements of phase velocity and attenuation

is necessarily small in a laboratory setting, the data are in the

kilohertz frequency range and above. Such measurements cannot be used

to verify the theory at lower frequencies. Stoll 24 has obtained some

low frequency data on the attenuation of shear waves in saturated

sediments by using a resonant column technique, but he gave only

qualitative comparisons with the theory.

There is a pressing need for additional data at low frequencies and

for data which can shed light on the viscoelastic properties of the

granular matrix.

Recently, Shirley et al. 25 presented direct measurements of phase

velocity and attenuation in a glass bead sediment saturated by a mixture

of water and glycerol. By varying the proportion of glycerol, the

viscosity of the liquid could be changed. In comparison with the

extended Biot theory, the data predicted a substantially greater

increase in attenuation with increasing viscosity. The measurements were

made at a single frequency. Measurements made for a range of

frequencies would greatly aid in characterizing the viscoelastic

8



response of the granular matrix. This, in turn, could conceivably

permit extrapolation of the theory to low frequency.

The ultimate objective of efforts to model wave propagation in

saturated sediments is the analysis of wave interactions with the ocean

bottom. Although much work remains to be done on propagation in the

unbounded medium, important progress on the interaction problem has

recently been made by Stoll and Kan. 26  They considered a liquid half-

space above a half-space of saturated sediment, and solved the problem

of the reflection and refraction of the plane waves at the interface

using the extended Biot theory. The analysis was based on the earlier

work on saturated porous media by Deresiewicz and Rice.
27

In contrast to the results for elastic media, they showed that the

reflection coefficient exhibited strong frequency dependence, and was

also a function of the assumed value of permeability of the sediment.

The results obviously have important implications for the modeling of

bottom interactions.

The analysis of Stoll and Kan will have to be extended before

realistic estimates of bottom loss can be achieved. They assumed that

the sediment properties were homogeneous and isotropic. It is, of

course, well known that sediment properties are strongly depth

dependent. 8 ,22  There is also some evidence that sediments are

anisotropic. 28'29  Both of these factors would influence the reflection

and refraction of waves.

9
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III. NEW LABORATORY MEASUREMENTS OF WAVE PROPAGATION DEPENDENCE
UPON PORE FLUID PROPERTIES

One set of measurements of the acoustic properties of a glass bead

sediment with varied fluid makeup was taken in 1980.30 This work was

analyzed and prepared for publication in 1981; a preprint is contained

in Appendix A of this report. The measurements were of compressional

wave and shear wave velocities and attenuations in a sediment with a

pore fluid. The content of the fluid was varied from pure water to 28%

glycerol in water. (The terms glycerol and glycerine are both used to

designate the compound C3H803; the former is preferred in the chemistry

literature.) It was found that the velocity measurements generally

conformed to the predictions-of the Biot-Stoll theory. However, the

attenuation data were more scattered, and approximately doubled with a

change from 0% to 28% glycerol. This was in contrast to calculated the-

oretical changes of attenuations, which amounted to only a few percent.

Thus, it was decided to repeat the measurements and try to minimize

sediment disturbance. Signal levels, the measured quantities which are

converted to attenuation, are most sensitive to sediment disturbance.

A. Physical Properties

Variations in the viscosity, density, and bulk modulus of the

aqueous solution were determined experimentally, and are shown in

Figs. 1 and 2 as a function of the percent concentration of glycerol by

weight in the solution. The viscosity and density properties were

checked against published data for accuracy.

The viscosity n (Poise) was measured at 230 with an Ostwalt
3viscometer, and the density pf (g/cm 3 ) with a calibrated 100 ml

,'11
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picnometer. The bulk modulus Kf (dyn/cm ) was determined by measuring

the compressional wave velocity and attenuation in a solution containing

various concentrations of glycerol, then using this data in conjunction

with the data on density to compute the bulk modulus of the solution.

The physical data that constitutes the characteristics of the glass

beads are shown in Tahle I and were supplied by the manufacturer of the

beads. A different size of beads than was used in the work of Appendix A

was selected.

B. Preparation of the Sediment

The sediment was prepared in a steel tank (16 cm x 30.5 cm x 20 cm

deep) by adding deionized water to initially dry glass beads, occupying

85% of the tank's volume, until the water exceeded the top surface of

the beams by 1 cm. During this procedure, air bubbles are always

entrapped in the beads. To remove this air, the tank was subjected to a

vacuum for 24 hours and then heated to boiling, for about one hour. The

tank was then allowed to cool to room temperature (approximately 230C)

and then stirred with a slender rod to visually inspect for any air

bubbles rising to the water's surface. After all trapped air was

removed, the tank then became one part of a fluid circulating system.

This apparatus, shown schematically in Fig. 3, facilitated the variation

of the glycerol concentration without disturbing the sediment. The

acoustic transducers were embedded in the sediment to a depth of

approximately 8 cm, and then the apparatus remained undisturbed for at

least 24 hours. The transducers that were used for acoustical measure-

ments were similar to those used for the work described in Appendix A,

and consisted of a shear wave bender element mounted so that the plane

of the bender was vertical. A small compressional wave element was near

the bender element. Compressional wave data were measured at a

frequency of 114 kHz and shear wave data were measured at 2.8 kHz.

14



TABLE I

PHYSICAL CHARACTERISTICS OF SPHERICAL GLASS BEADS OF SEDIMENT

Diameter 0.0707 cm

Density 2.5 gm/cm 3

Bulk modulus 3.5 X 1011 dyn/cm2

Porosity 0.373

15
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C. Acoustical Measurements

The procedure for extracting acoustical data at any particular

concentration of glycerol in the saturated fluid was to record data,

then allow the apparatus to sit undisturbed for 24 hours, after which

the measurements were repeated to ensure that a stable sediment had been

obtained. Once a set of data was taken, a new concentration of glycerol

was obtained by adding a quantity of pure glycerol (usually 400 ml) to

the mixture tank. The fluid was then allowed to circulate in a closed

fashion by flowing through the sediment tank to the reservoir, from

which it was pumped up to the mixture tank, creating a continual flow.

The viscosity and density of the fluid ,-,Pre tested periodically while

circulation was in progr-ess. When successive tests indicated that these

properties were not changing as circulation continued, it was decided

that a new stable solution had been reached. The last viscosity and

density measurements recorded for this new solution were then used to

determine the concentration of glycerol by weight in the solution.

Afterwards, the apparatus remained undisturbed for at least 24 hours

before acoustical data for the new solution were recorded. Then the

cycle for a new solution began.

Successive measurements were maae to a concentration of glycerol by

weight of approximately 35%. Figures 4-7 give the measured acoustical

data plotted as a function of glycerol concentration. Because the bead

sizes differed from those of the work reported in Appendix A, the

acoustical properties are different. This is clearly evident when shear

wave velocities are compared.

Theoretical values of wave velocities and attenuations have been

computed and are plotted as solid curves on Figs. 4-7. Although the

diameter of the glass beads used in obtaining the present data was

approximately four times the diameter of the beads that were used in our

earlier work, several significant qualitative comparisons can be made.

17
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The agreement between the measured and theoretical compressional

wave velocities (Fig. 4) is approximately the same as that of the

earlier work. In the earlier work, the data on the compressional and

shear wave attenuations showed larger increases with increasing glycerol

concentration than were predicted by the theory. This is not observed

in the new results (Figs. 5 and 7). Also, in the earlier work the data

on the shear wave velocity were found to decrease more rapidly than was

predicted by the theory. In the new results, the data actually

increase, then decrease with increasing glycerol concentration---an

observation which cannot be accounted for by the theory.

Thus, the new data are more consistent with the theoretical

predictions of the attenuation, which may be attributable to the

improved experimental procedure that was used. However, the new data

also exhibit anomalous features (Fig. 6) which require further

investigation.

22
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Wave propagation in a saturated model sediment with varied liquid properties

D. J. Shirleya), A. Bedfordb) and S. K. Mitchell

Applied Research Laboratories, The University of Texas at Austin,

Austin, Texas 78712

Experimental measurements have been made of the phase velocity and

attenuation of compressional and shear waves in a bed of glass beads

saturated by a mixture of water and glycerine. By varying the

proportion of glycerine, a ranqe of values of the viscosity, density

and bulk modulus of the mixture was obtained. The data have been

compared with theoretical predictions based upon the Biot theory.

INTRODUCTION

In order to predict the effects of the interaction of acoustic waves

with the ocean bottom, it is necessary to have a comprehensive understanding

of the propagation of waves in saturated sediments. Great progress toward

1 2-4
such an understanding has recently been achieved by Stoll and Bryan , Stoll

5
" and Hovem and Ingram . These authors analyzed the propagation of waves in

sediments by using the theory of fluid saturated porous media due to Biot 5- .

Biot modeled the porous medium and the fluid as superimposed continua,

and used a variational approach to derive equations of motion for the

individual constituents. The equations contained drag terms associated with

the relative velocity of the constituents, and also virtual mass terms

associated with their relative acceleration. By using the solution for a

cylinder containing viscous fluid and subjected to axial oscillations, Biot
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was able to evaluate the coefficient of the drag term as a function of

frequency. Furthermore, Biot and Willis 1 O showed that the elastic coefficients

in Biot's equations could be expressed in terms of the bulk moduli of the

fluid and solid materials and the elastic moduli of the porous solid. In

this regard also see the discussion by Stoll

Stoll and Bryan were the first to apply Biot's equations to marine

sediments. Unlike the porous elastic material which Biot had considered,

the granular matrix materials in sediments were known to exhibit dissipative

effects. They therefore assumed that the moduli of the solid material were

complex. On the basis of experimental data on dry granular materials, they

assumed that these complex moduli were not frequency dependent . Using

this approach, Stoll subsequently showed that the theory could correctly

predict the variation with frequency of the attenuation of compressional

waves in saturated sands13 . He also pointed out that dissipation due to

relative motion of the fluid and solid was the dominant loss mechanism at

higher frequencies, while losses associated with the granular matrix were

dominant at low frequency.

Hovem and Ingram were able to show that the technique used by Biot to

evaluate the drag term in the equations could also be used to evaluate the
41

coefficient of the virtual mass term as a function of frequency . They

showed that the theory compared favorably with measurements of compressional

wave attenuation in saturated sands. In addition, they presented new

experimental data on compressional waves in a model sediment consisting of

spherical glass beads saturated by water, and showed that the theory correctly

predicted both the attenuation and phase velocity as functions of frequency.
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In this paper, results are presented of measurements of phase velocity

and attenuation of compressional and shear waves in a glass bead model

sediment of the type used by Hovem and Ingram. The novel aspect of the

measurements was that a mixture of water and glycerine was used as the

saturating fluid. By changing the proportion of glycerine in the fluid,

data was obtained for a range of values of the viscosity, density and bulk

modulus of the fluid. Since these parameters appear explicitly in the

extended Biot equations developed by Stoll-Bryan and Hovem-Ingram, the

measurements provide a critical test of the theory.

I. EXPERIMENTAL MEASUREMENTS

When glycerine is added to water, the density, viscosity and bulk modulus

of the mixture are larger than the values for water. Published data are

available for the density and viscosity of a water-qlycerine solution at

15
20'C as a function of the percent of glycerine by weight . For 0 < w < 28

where W is the percent c' glycerine by weight, the data on the density

Pf (g/cm 3 ) and viscosity ri (Poise) of the mixture can be approximated by

the empirical equation

Pf " 0.99Q2 + (2.284 x lO- ) W

+ (4.067 x 10-6) W2 + (4.960 x 10-8) W3  (1)

n = 0.01002 + (2.461 x 10- ) W

+ (2.500 x 10-  W2 + (1.786 x 10- ) 1 . (2)
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As part of this study, measurements were made of the wave velocity and

attenuation in the water-glycerine mixture. The measurements were made at a

frequency of 114 kHz (the higher of the two frequencies used in the model

sediment measurements). The wave velocity data are .hown in Fig. 1. No

variation in the wave attenuation due to the addition of glycerine was

observed. Once the wave velocity was known, it was used together with the

data on the density to compute the bulk modulus of the mixture as a function

of the percent of glycerine by weight (Fig. 2). For 0 < W < 28 , the bulk

modulus of the mixture, Kf (dyne/cm2) , can be approximated by

-2Kf = [2.175 + (2.052 x 10-2) W

+ (1.400 x 10-4 ) W2 - (1.667 x l0- ) W3] x 1010 . (3)

The solid matrix material consisted of a bed of nominally spherical glass

beads of 0.0177 cm diameter. The density of the glass was 2.5 g/cm 3 and the

porosity of the bed was 0.365.

The measurements of wave velocity and attenuation were made in a

sediment tank 16 cm x 30 cm x 20 cm deep. The depth of the transducers in

the sediment was approximately 10 cm.

The sediment sample was prepared by adding demineralized water to the

initially dry material, boiling the mixture and then subjecting the cooled

sediment to a vacuum for 24 hours. Once the sediment was ready for measurement,

the transducers were inserted into the material and the apparatus allowed to

remain undisturbed for another 24 hours. Acoustical measurements were then
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made and the sediment was allowed to sit undisturbed for another 24 hours,

after which the acoustical measurements were repeated. This procedure was

repeated until successive shear wave measurements were essentially identical.

*It was usually found that the sediment was stabilized by the third or

fourth 24 hour interval.

Once a set of measurements had been made, the sediment was removed from

the tank, approximately 400 ml of glycerin added and the new mixture thoroughly

stirred. The sediment was again evacuated to remove entrained air and the

measurement procedure described above was repeated. After the acoustical

measurements were completed for a particular concentration of glycerin, a

sample of the pore fluid was removed from the tank for viscosity and density

measurements. Viscosity was measured at 20'C with a modified Ostwalt

viscometer and density was measured at 20C with a calibrated 50 ml picnometer.

The viscosity and density measurements were used to determine concentration.

After successive measurements to a concentration of approximately 25%

glycerin, the sediment was discarded and the whole procedure repeated with

freshly prepared sediment as a check.

The transducers that were used to make the compressional and shear wave

16measurements were similar to those described by Shirley , and consisted

of a shear wave bender element mounted so that the plane of the bender was

vertical, and a small compressional wave element near the bender element.

One projector was used with two receivers so that attenuation could be

_ calculated from the difference in amplitude of signals from the receivers.

Compressional wave data were measured at a frequency of 114 kHz and shear

wave data were measured at 2.8 kHz.
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In Fig. 3, the measured compressional phase velocity is plotted as a

function of glycerine concentration. (The curves on Figs. 3-6 will be

discussed in Part II of the paper.) The phase velocity increases approximately

linearly with increasing concentration and there is little scatter in the

data. The increase in the velocity occurs primarily due to the increasing

bulk modulus of the fluid (Fig. 2).

Note that the measured value of the phase velocity with no glycerine

present differs from the compressional phase velocity measured at the same

frequency by Hovem and Ingram 17 by over 100 m/s. The difference is due to

Hovem and Ingram's measurements being made at a depth of 20 cm in the

sediment, compared to a depth of 10 cm for the present measurements. This

is an example of the strong depth dependence of the acoustic properties of

saturated sediments18 '19.

The measured compressional wave attenuation is plotted in Fig. 4. The

data exhibits substantial scatter, but suggests an approximately linear

increase in attenuation with increasinq concentration. Increased attenuation

would be expected since the drag arising from the relative motion of the

fluid and solid increases with increasing viscosity of the fluid. However,

it will be shown in Part II that this mechanism alone does not explain the

observed increase.

The measured shear phase velocity is plotted in Fig. 5. Again there

is substantial scatter, but the data suggests a decrease in the velocity with

increasing concentration.

The measured shear wave attenuation is plotted in Fig. 6. As with the

compressional attenuation, the data indicate a substantial increase in

attenuation with increasing glycerine concentration.
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II. THEORETICAL COMPARISONS

20
Biot's equations can be written, in Cartesian tensor notation,

a2  = 
2

P-t 2 p5  2 (U(s) m -(f)m)

at at2  2

+ Ae(s)kk,m + 2 Pbe(s)mk,k

+ Q e(f)kk,m

b -(Ucs)m u(f ) , (4)at(Usm fm

4 2  = 2
ft u(f)m at2 (U(s)m -u(f)m)

+ Qe(s)kk,m + R e(f)kk, m

+ b (u(s)m U(f)m) (5)

where 4 is the porosity, ps and Pf are the mass densities of the solid

and fluid, u(s)m and u(f)m are the displacement vectors of the solid and

fluid, the notation ,m denotes partial differentiation with respect to the

coordinate xm , e(s)mk and e(f)mk are the linear strains of the solid

and fluid (e(s)mk 1 (U(s)mk + u(s)k,m)) and A 4b Q 9 R . c and

b are constitutive coefficients. The first terms on the right of Eqs. (4)

and (5) are the virtual mass terms and the last terms on the right are the

drag terms.
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By introducing the notation

e U(s)mm (U(s)m,m - U(f)mM) (6)

and taking the divergence of Eqs. (4) and (5), they can be written

2

2 (ofe - pc ) = Cemm - Mrm

+ b r (8)

where p = (1 - ) s + 0 Pf is the mass density of the fluid-solid mixture

and

H = A + 2  b + 2Q + R

I

C = (Q + R) / ,

(9)

:! M =R / 2 ,

PC= Pf/ + c/2.
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Equations (7) and (8) are essentially the forms of Biot's equations for

compressional waves used by Stoll and Hovem and Ingram. Hovem and Ingram

extended Biot's analysis2 1 and evaluated the coefficients b and c as

functions of frequency. Their results were

b / 02 = Real (F(K)) / B0

c / 2= n Imaginary (F(K)) / (Bo) , (10)

where n is the viscosity of the liquid, w is the frequency (rad/s), and

1

K =ap (WPf Ifl) (11)

The term ap is a pore size parameter defined by

ap= di 1 [3(1 - 0)] (12)

and dm  is the diameter of the spherical grains of the sediment. The function

F(K) is22

1F(K) = -KT(K) / [1 - 2T(K) / iK] , (13)

where T(K) is the Kelvin function

T(K) = [ber'(K) + i bei'(K)] / [ber(K) + i bei(K)] . (14)
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)ermeability Bo  is

B0  a2 / 4 k (15)

where k is the Kozeny-Carman constant. For the glass beads used in the

present study, Bell 23 obtained a value k = 3.98 on the basis of direct

measurements of the permeability.

The expressions for the coefficients H , C and M in terms of the

bulk moduli of the solid and fluid materials Ks , Kf and the bulk and

shear moduli of the drained granular matrix material Kb 'b are24

H= (Ks- Kb) / (D - Kb) + Kb + 4 Wb / 3,

C s (Ks  Kb) /(D Kb), (16)

2

M K / (D - Kb)

where

D K s [l + (K / Kf-l)]• (17)

By introducing the notation

= curl U(s) , = ¢ curl (U(s) - u(f)) (18)
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and taking tne curl of Eqs. (4) and (5), the Biot equations for shear waves

kcan be written

a2

at2 (PWm - Pf em) = ib wm,kk (19)

a2  b a
at2 (Pf m - Pc em) = ;2 t 0 m (20)

In order to introduce damping due to friction at the grain to grain

contacts, Stoll and Bryan assumed that the moduli of the drained granular

matrix, Kb and b were complex constants,

Kb = Kb + i Kb, (21)

1b= -b + i 1'b (21)

In terms of logarithmic decrements 6c and 6s the imaginary parts of

the moduli are
25

Kb = 6c Kb 7T

b = 6 s 11b / (21)

Equations (1) - (21) have been used to determine compressional and shear

phase velocities and attenuations for comparison with the measurements
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described in Part I. With the exception of the moduli Kb and b the

parameters in the equations are known in terms of the physical properties of

the fluid and solid constituents, and are summarized in Table I.

In determining Kb and 'b it was assumed, following Hovem and Ingram
26,

that Kb = Ob I which corresponds to a Poisson's ratio of the solid matrix

material of 0.125. This is within the range of 0.1 to 0.17 which Stoll 27

suggests for a granular material. The values of 'b and 6s were then

chosen so that the theoretical values of the shear phase velocity and

attenuation agreed with the data for zero percent glycerine. (Note from Eqs.

(19) and (20) that the shear phase velocity and attenuation are independent

7 2
of Kb .) It was found that values of Wb = 8 x 10 dyne/cm and 5s = 0

gave a shear phase velocity of 66.94 m/s and a shear attenuation of 68.41 dB/m.

Increasing 6s  to 0.1 gave a shear phase velocity of 67.00 m/s and a shear

attenuation of 104.70 dB/m, which agree with the averages of the measured

values. Next, using the latter values for b and 6s and assuming that

Kb = "b and 6c = 0 gave a compressional phase velocity of 1807.89 m/s

and a compressional attenuation of 30.91 dB/m. These values agree quite well

with the measurements. Increasing 6 c to 0.1 had a very small effect on

the compressional attenuation, increasing it to 30.93 dB/m.

Then, using the values Kb = Pb = 8 x 107 dyne/cm 2 and 6s = 6c = 0.1

the -:ompressional and shear phase velocity and attenuation were determined

as functions of glycerine concentration. The results are indicated by the

solid curves in Figs. 3-6.

The increase in the compressional phase velocity with increasing

glycerine concentration, due primarily to the increasing bulk modulus of the

38
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tluid, is predicted very well by the theory (Fig. 3). The theory predicts

a slight decrease in the shear phase velocity with increasing concentration

due to the increasing density of the fluid. The data suggest a larger

decrease, but this remains conjectural due to the scatter of the data.

For both compressional and shear attenuation, the data indicate a

substantially larger increase with increasing concentration than is predicted

by the theory. The slight increase in attenuation predicted by the theory

is due to the dependence of the drag on the viscosity of the fluid. This

mechanism clearly does not account for the measured attenuation. Thus the

data indicate that there is viscous dissipation present which is a function

of the viscosity of the liquid.

The possibility of viscous dissipation of this type has been discussed by

Stoll 28  He stated that "... in a general model, it may be necessary to

allow for both frictional and viscous losses in the parameters that describe

the response of the skeletal frame, particularly if high frequencies are to

be considered."

For the shear waves, a determination was made of the value of the shear

logarithmic decrement necessary for the theory to predict the measured

attenuation. This was done for each data point in Fig. 6. The resulting

values are plotted in Fig. 7 as a function of the viscosity of the fluid. The

logarithmic decrement increases approximately linearly with increasing

viscosity of the fluid. It is interesting to note from Fig. 7 that the

data appear to be approaching the horizontal axis at a finite value of the

viscosity (= 0.007 Poise). There may be a threshold value of the viscosity

below which the fluid does not affect the viscoelastic response of the matrix

material.
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The values of the shear logarithmic decrement plotted in Fig. 7 were

approximated by the linear relation (shown on the figure)

6s = -0.241 + 35.7n (22)

Equation (22) was then used in the theory to determine the shear wave

attenuation as a function of glycerince concentration. The result is shown

as the dashed curve in Fig. 6.

The situation with regard to interpretation of the compressional wave

data was more complex. While the shear wave attenuation does not depend

upon Kb ' the compressional wave attenuation depends upon both Kb and

Furthermore, the compressional and shear measurements were made at

different frequencies. Since viscous dissipation would depend upon frequency,

the shear measurements could not be used to evaluate Vb at the frequency

at which the compressional measurements were made.

In order to obtain an estimate, it was assumed that the compressional

and shear logarithmic decrements were equal, 6c = 6 " It was found that

for 26 percent glycerine, a value 6c = 35 resulted in a compressional

* phase velocity of 1983.67 m/s and a compressional attenuation of 53.11 dB/m,

in agreement with the data. Note that this logarithmic decrement is

approximately seventy times the value of 6 s required to match the shear

wave attenuation. The ratio of the frequency for the compressional

measurements to the frequency for the shear measurements was approximately

forty. This strongly suggests that the loss parameters are frequency

*dependent.
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It is obvious that the value 35 is completely unrealistic if 6 isc

interpreted literally as a logarithmic decrement. The reason for the large

value can be seen by an examination of Eqs. (7), (16) and (17). Note from

Eq. (7) that H is the compressional modulus of the fluid-solid mixture

when the strains in the fluid and solid are equal. Since Kb << Ks  in the

case being considered, it can be seen from Eqs. (16) and (17) that a

relatively large change in Kb is necessary to cause a substantial change

in H . The magnitude of Kb should perhaps be compared to the real partb

of H , rather than with Kb In the present case, Kb / Real (H) = 0.0132.
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I' -" Figure Captions

Fig. 1 Compressional wave velocity in the water-glycerine mixture.

Fig. 2 Bulk modulus of the water-glycerine mixture.

Fig. 3 Compressional phase velocity in the saturated sediment.

Fig. 4 Compressional wave attenuation in the saturated sediment.

Fig. 5 Shear phase velocity in the saturated sediment.

Fig. 6 Shear wave attenuation in the saturated sediment.

Fig. 7 Computed shear logarithmic decrement as a function of fluid
viscosity.
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Table I. Material Constants and Parameters

KPorosity, ¢ 0.365

Bead diameter, dm 0.0177 cm

Solid material density, p 2.5 g/cm 3

Fluid density, pf From Eq. (1)

Fluid viscosity, n From Eq. (2)

Solid material bulk modulus, K 3.5 x 10" dyne/cm 2

Fluid bulk modulus, Kf From Eq. (3)

Kozeny-Carman constant, k 3.98

5
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